Cisplatin (CP)-induced nephrotoxicity hampers its application in clinic. Green tea, particularly its predominant polyphenolic constituent epigallocatechin-3-gallate (EGCG), possesses anti-inflammatory, antioxidant, and anti-apoptotic properties. The present study was designed to investigate the protective effects of EGCG against CP-induced nephrotoxicity in mice. Male C57/BL6 mice in different groups received single injection of CP (20 mg/kg) and EGCG (100 mg/kg) in various sets and kidney tissues and blood were collected after killing. Then, samples were used for biochemical and immunohistochemical assay. Our results showed EGCG decreased biochemical factors and immunohistochemical damage induced by CP. Besides, expression of phosphorylatedextracellular signal-regulated kinase (p-ERK), glucose-regulated protein 78 (GRP78), caspase-12, and apoptosis of kidney were decreased by EGCG via inhibition of endoplasmic reticulum (ER) stress-induced apoptosis.
Introduction
Cisplatin (cis-diammine-dichloroplatinum(II) [CP]) is widely accepted as a treatment for various types of malignancies, including gastric, testicular, urologic, and ovarian cancer. 1 Its serious adverse effects, especially nephrotoxicity, limit high-dose therapy with CP. CP induces renal tubular dysfunction and leads to acute renal injury (AKI) in a large proportion of patients. 2 The CP concentration in proximal tubular epithelial cells is several fold higher than the serum concentration, 3 where it triggers DNA damage, apoptosis, and inflammation. 4, 5 Several apoptotic pathways such as endoplasmic reticulum (ER) stress pathway, the extrinsic pathway activated through death receptors, and the intrinsic mitochondrial pathway have been researched. 4, 6 The imbalance in ER homeostasis, as multifunctional organelle, caused disturbance of calcium homeostasis, glucose deprivation, increasing of Reactive oxygen species (ROs) formation and oxidative stress induction. [7] [8] [9] The primary mitigating mechanism for ER stress is the unfolded protein response (UPR), which is an intracellular system to reduce the buildup of unfolded proteins and restore ER's normal function. [10] [11] [12] [13] If ER stress is severe, caspase-12mediated apoptosis might be stimulated by UPR. 14, 15 Accumulating evidence suggests that ER stress or UPR has been associated with many human diseases, including ischemia, heart disease, vascular disease, liver disease, neurodegenerative diseases, diabetes, hyperhomocysteinemia, and cancer. 10, 12, 16 Epigallocatechin-3-gallate (EGCG), the major ingredient of green tea, has potent anti-apoptotic, antioxidant, and anti-inflammatory properties. Several studies have demonstrated the EGCG can inhibit apoptosis in neurological and cardiovascular disease. 17, 18 In addition, EGCG has protective effects against chronic diseases including cancer, neurodegenerative disease, diabetes, and heart disease. [19] [20] [21] [22] Herein, the present study was designed to investigate the protective effects of EGCG against CPinduced nephrotoxicity and examine whether these effects are mediated by the inhibition of ER stressinduced apoptosis.
Materials and methods

Materials
From Sigma-Aldrich (St. Louis, MO) EGCG and CP were bought for research. A variety of antibodies were supplied, including b-actin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA), ERK and p-ERK (Cell Signaling Technology, Inc., Danvers, MA), and caspase-12 and GRP78 (Abcam Ltd., Hong Kong, China). Anti-rabbit and anti-mouse secondary antibodies used in our study were provided by Jackson ImmunoResearch Laboratories Inc. (West Grove, PA). TUNEL staining kit was purchased from Roche Diagnostics (Indianapolis, IN).
Animals
Male C57/BL6 mice (6-8 weeks old, weighing 20-25 g) from the Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, China) were housed under a controlled temperature (18-22 C), humidity (50-70%), and a 12/12 h light/dark cycle, with free access to food and water. The experimental procedures involving mice were performed in strict compliance with the NIH Guide for the Care and Use of Laboratory Animals.
Experimental procedures
Kidney nephrotoxicity was triggered by a single intra-peritoneal (i.p.) injection of CP. Mouse were randomly divided in the following groups: (1) control group (N; n ¼ 7) were treated with 0.9% saline (10 mL/kg, i.p.); (2) EGCG group (E; n ¼ 7) were treated with EGCG (100 mg/kg, i.p.) in 0.9% saline (10 mL/kg); (3) CP group (C; n ¼ 7) were treated with CP (20.0 mg/kg, i.p.) in 0.9% saline (10 mL/kg); (4) CP þ EGCG group (C þ E; n ¼ 7) were pretreated with EGCG (100 mg/kg, i.p.) at 30 min before i.p. injection of CP (20.0 mg/kg). After 48 h of CP injection, mice in this group were treated with EGCG (100 mg/kg, i.p.). Five days (120 h) after injection of CP or 0.9% saline, all animals were weighed and killed. Kidney tissues and blood were collected after killing. The serum was separated from blood by centrifugation (3000 rpm, 15 min, at 4 C) and stored at À80 C. Serum levels of blood urea nitrogen (BUN) and creatinine (Scr) were measured using Cobas Õ 8000 modular analyzer (Roche Diagnostics) in Qilu Hospital, Shandong University. We immediately weighed the kidneys, cut them into two coronal sections, and calculated the renal index (RI) as both kidneys' weight (g)/animal's weight (g) x100. One section of kidney was stored at À80 C. The remaining section was stored in 4% paraformaldehyde (PFA) at 4 C, then dehydrated, and embedded in paraffin.
Histological evaluation of kidney
The histological examination was conducted by using periodic acid-Schiff (PAS) reagents to stain the sections (4 mm).
The experiment was performed as described previously. 23 
Immunohistochemical study
Immunohistochemical study was conducted as described previously. 23 The primary antibodies used in this experiment were anti-caspase-12 (1:100), anti-p-ERK (1:100), and anti-GRP78 (1:100).
TUNEL assay
The terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL) staining kit was used to detect cell apoptosis. TUNEL assay was conducted according to the manufacturer's instructions.
Western blot analysis
Western blot was conducted as described previously. 23 The primary antibodies used in this experiment were anti-bactin (1:5000), anti-caspase-12 (1:500), anti-p-ERK (1:1000), anti-ERK (1:1000), and anti-GRP78 (1:250).
Statistical analysis
Data are expressed as mean AE standard deviation (SD). These data were analyzed by analysis of variance (ANOVA) or Student's t-tests. P < 0.05 was considered statistically significant.
Results
EGCG attenuates the CP-induced renal dysfunction
Compared to the control group, the levels of BUN, Scr, and RI increased dramatically in the CP group as shown in Table 1 (P < 0.05), which were significantly decreased by EGCG treatment in the CP þ EGCG group (P < 0.05).
EGCG attenuates CP-induced kidney tubular damage
In the CP group, renal proximal tubule cells revealed vacuolation, necrosis, and desquamation, while in the control and EGCG groups, the proximal tubule cells maintained normal morphology as shown in Figure 1a . CP treatment resulted in severe tubular damage, which was attenuated by EGCG pretreatment in the CP þ EGCG group. The scores of tubular damage were calculated and shown in Figure 1b . CP þ EGCG group scored 1.7, while the CP group had a higher score of 3.7. The difference of them was significant (P < 0.05), suggesting that EGCG can attenuate renal injury induced by CP. 
EGCG attenuates the CP-induced apoptosis of tubular epithelial cells
We used TUNEL assay to evaluate apoptosis of renal tubular epithelial cells. As shown in Figure 2 , TUNEL-positive apoptotic cell number raised significantly in the CP group compared to the control group (P < 0.05) and were reduced in the CP þ EGCG group (P < 0.05). TUNEL-positive cells in the control and the EGCG group were very limited as shown in Figure 2 .
EGCG attenuates expression of caspase-12, p-ERK, and GRP78 in kidney
We examined the expression of ER stress-related markers (GRP78, caspase-12 and p-ERK) so as to study whether EGCG protects against CP-induced nephrotoxicity by suppressing ER stress-induced apoptosis. The results showed that CP injection significantly increased the expression of GRP78, caspase-12, and p-ERK in the CP group compared to the control group. However, the expression of these proteins was significantly attenuated with EGCG treatment in the CP þ EGCG group (P < 0.05) (Figures 3 and 4) . The difference between the control group and the EGCG group did not show any significance.
Discussion
CP is an effective anti-cancer drug with the main side effect of nephrotoxicity. [3] [4] [5] [6] CP-induced nephrotoxicity results in renal dysfunction. 24 In our study, the levels of BUN and Scr showed a significant decrease in the CP þ EGCG group compared to the CP group, indicating improved renal function (Table 1) . Much importance has been attached to the direct toxic effects of CP on proximal renal tubular epithelial cells. In this part, CP induces inflammation, oxidative stress, and apoptosis. 4, 5, 25 Accumulating evidence indicates that EGCG is a potent antioxidant, anti-inflammatory, and anti-apoptotic agent. 17, 18, [26] [27] [28] [29] [30] EGCG is considered to be 100 times as potent as vitamin C and 25 times as potent as vitamin E, 31 and appears to protect renal injury by reducing oxidative stress and inflammation. 32 It has been also shown that EGCG can attenuate cigarette smoke-induced cardiomyocyte apoptosis through the inhibition of mitochondrial dependent apoptotic pathway. 17 Renal tubular apoptosis plays an important role in CP-induced nephrotoxicity. 6, 33 In the present study, apoptosis of renal tubular epithelial cells was significantly ameliorated by EGCG treatment, indicating the renal protective effect of EGCG on CPinduced apoptosis (Figure 2 ).
Several pathways have been studied in CP-induced apoptosis, including the extrinsic pathway, the ER stress pathway and the intrinsic mitochondrial pathway. ER stress pathway has been implicated to play an important role in CP-induced apoptosis. 34, 35 In cells, ER dysfunction can trigger ER stress, resulting in the accumulation and aggregation of unfolded proteins in ER lumen, and prolonged ER stress will initiate the apoptotic pathway. 14, 15 Three ER transmembrane receptors including PERK, inositol-requiring enzyme 1 (IRE1), and activating transcription factor 6 (ATF6) regulate the complicated network of physiological responses to ER stress. These three ER stress receptors maintained inactive through their association with GRP78. 10 GRP78, the ER chaperone, has been used widely as a marker for the induction of ER stress. 8, 36 On accumulation of unfolded proteins, GRP78 dissociates from the three receptors to promote ER protein folding. Caspase-12 is located primarily on the cytoplasmic face of the ER and is highly expressed in the renal proximal tubular epithelial cells. 5 Caspase-12 can be specially activated via ER stress, but not via membrane or mitochondrial signals. It was previously demonstrated that caspase-12-deficient mice do not respond to ER stress-induced apoptosis. 14 Therefore, GRP78 is the marker of ER stress and caspase-12 is a featured marker of ER stress-induced apoptosis. In our study, ER stress and apoptosis were triggered in CP-induced nephrotoxicity as demonstrated by the significant elevation of GRP78 and caspase-12. By contrast, the CP þ EGCG group showed a significant reduction in the levels of GRP78 and caspase-12. These results indicated that EGCG could attenuate ER stress-induced apoptosis ( Figure 5 ). As we know, this is the first study to demonstrate that CPinduced nephrotoxicity is alleviated by EGCG through the ER stress-mediated apoptosis.
In summary, the results of this study showed that EGCG could protect against CP-induced nephrotoxicity by suppression of ER stress-mediated apoptosis in renal tubular epithelial cells of mouse. This study may provide supporting evidence for the efficacy of EGCG in the CP-induced AKI. Although EGCG showed its protection in our study, it warrants further research for use as therapeutic potential in clinic.
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